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ABSTRACT
Using a set of high-resolution spectra, we studied the physical and orbital properties of the O-type binary
CPD 41 7733, located in the core of NGC 6231. We report the unambiguous detection of a secondary spectral sig-
nature andwe derive the first SB2 orbital solution of the system. The period is 5:6815  0:0015 days, and the orbit has no
significant eccentricity. CPD41 7733 probably consists of stars of spectral types O8.5 and B3. As for other objects in
the cluster, we observe discrepant luminosity classificationswhile using spectroscopic or brightness criteria. Still, the pres-
ent analysis suggests that both components display physical parameters close to those of typical O8.5 and B3 dwarfs. We
also analyze the X-ray light curves and spectra obtained during six 30 ksXMM-Newton pointings spread over the 5.7 day
period. We find no significant variability between the different pointings, nor within the individual observations. The
CPD 41 7733 X-ray spectrum is well reproduced by a three-temperature thermal mekal model with temperatures of
0.3, 0.8, and 2.4 keV. NoX-ray overluminosity, resulting, e.g., from a possible wind interaction, is observed. The emission
of CPD 41 7733 is thus very representative of typical O-type star X-ray emission.
Subject headinggs: binaries: close — binaries: spectroscopic — stars: early-type —
stars: individual (CPD 41 7733) — X-rays: individual (CPD 41 7733) — X-rays: stars
Online material: color figures
1. INTRODUCTION
Early-type stars of spectral type O, and their evolved descen-
dants, theWolf-Rayet stars, are among the hottest and brightest ob-
jects in theGalaxy. Through their large radiative andkinetic energy
input, they have a strong impact on their surroundings and their
study is relevant for a number of Galactic and extragalactic issues.
However, despite their importance, a propermapping of their phys-
ical parameters is still lacking. This mainly results from the lim-
ited amount of observational constraints available so far. Indeed,
only about 30 double-lined spectroscopic binaries (SB2) with
O-type components have definite orbits (e.g., Gies 2003). In this
context, the present paper is devoted to a rather poorly known
object, CPD41 7733, which lies in the core of the young open
cluster NGC 6231.
CPD41 7733 (CD4111037, Braes 941, Se 3233) is a bright
O-type star (V ¼ 7:875, Sung et al. 1998; O9 III, Walborn1973).
It was first suspected to be a binary by Struve (1944) because of
the large difference between the star velocity and the cluster
mean velocity. Since then, three SB1 orbital solutions have been
published, but yielded discrepant orbital parameters (see x 3.3).
Clearly, a new study, based on high-quality data, was needed to
search for the companion signature and to definitely upgrade the
orbital (x 3) and physical (x 4) parameters of this system. In x 5,we
also investigate the CPD 41 7733 X-ray properties using a re-
cent 180 ks XMM-Newton observation of the NGC 6231 clus-
ter. Finally, we give in x 6 a summary of the main results of this
work.
2. OPTICAL AND X-RAY OBSERVATIONS
The presentwork is basedonover 30high-resolution, high–S/N
spectra of CPD41 7733 obtained at the European Southern Ob-
servatory (ESO, La Silla, Chile) and spanning a time interval of
6 yr. Table 1 provides the Julian dates at midexposure time, the
instrumental setups, and the mean radial velocity (RV) at each
epoch. Prior to averaging, the individual line RVs were referred
to a zero-systemic-velocity frame using the systemic velocities
quoted in Table 3 (the considered lines are listed in Table 3). For
some epochs, no reliable measurement could be obtained for the
secondary, either because of the low S/N or because of the impor-
tant blend between primary and secondary lines. In those cases, the
corresponding column is left empty. Instrumental setups and re-
duction techniques have been described in, e.g., Sana et al. (2006a)
and will not be repeated here.
In parallel to the optical monitoring, six 30 ks X-ray exposures
of the NGC 6231 cluster were performed by XMM-Newton in
2001September. The campaignwas described in Sana et al. (2006b)
and we restrain the description here to additional elements specific
to CPD 41 7733. For each of the six pointings and for the three
EPIC instruments, we extracted broadband X-ray light curves and
spectra using the SAS task evselect. The circular extraction re-
gion was centered on the source position and, due to the presence
of three bright X-ray neighbors (HD 152249, HD 326329, and
NGC6231 SBL324),was limited to a radius of 11.500 (Fig. 1). The
different backgrounds were estimated from the very few source-
free regions in the field of view (for more details, see Sana et al.
2006c). Finally, we also extracted the merged spectra for each in-
strument, thus combining the six observations of CPD41 7733.
For this purpose, we built the corresponding arf files using the
SAS task arfgen, and we adopted the rmf files provided by the
SOC and adapted to the particular position of CPD41 7733 on
the detectors. Julian Date (JD) at midexposure, effective exposure
A
1 Current address: European Southern Observatory, Casilla 19001, Chile.
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3 The SIMBAD astronomical database reports the Seggewiss number of CPD
41 7733 to be 297. According to Raboud et al. (1997), this number belongs to
an extension of the Seggewiss (1968) catalog—which only listed 295 stars—
included in WEBDA database (Mermilliod 1988, 1992). However, Raboud
et al. (1997) quoted a magnitude of 12.5 for the star Se 297. This obviously does
not correspond to CPD 41 7733. From the positions on the CCD, the magni-
tudes and the spectral types of the objects listed in their catalog, we found that the
Seggewiss number reported by Raboud et al. (1997) for CPD 41 7733 should
rather be Se 323.
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times, and background-corrected count rates as obtained for the
different instruments are quoted in Table 2.
3. CPD 41 7733 ORBITAL SOLUTION
3.1. Optical Spectrum
The spectrum of CPD41 7733 (Fig. 2) is clearly dominated
by the H i Balmer, He i, and He ii absorption lines. Numerous
metallic lines (C, N, O, Si, and Mg ions) can also be identified.
The Balmer lines and all the He i lines present a clear SB2 sig-
nature with the primary lines being several times stronger than
the associated secondary lines (see, e.g., Fig. 3). In the very
high S/N spectra, the secondary signature might be seen in a
few metallic lines (e.g., C ii k4267, Si iii kk4552–4568–4574),
but this remains at the very limit of detection. Two emission
lines, S iv k4486 and C iii k5696, are further detected in the
CPD41 7733 spectrum; both are associated with the primary
component.
Line positions and equivalent widths (Wk) were measured by
adjusting Gaussian curves to the studied profiles. Effective wave-
lengths for O stars from Conti et al. (1977) below 4800 8 and
from Underhill (1994) above were adopted to compute the ra-
dial velocities (RVs). For the metallic lines that are not listed in
these latter works, we used the rest wavelengths from Moore
(1959).
3.2. Orbital Solution
To search for the orbital periodP of the system,we applied both
themethod of Lafler&Kinman (1965) and the Fourier analysis of
Heck et al. (1985; see alsoGosset et al. 2001 for comments) on the
RV sets associated with the He i k4471, He ii k4686, O iii k5592,
and He i k5876 lines. The obtained periods are all in excellent
agreement with an average value of 5.68156 days. Estimating the
period uncertainty on the basis of 1/10 of the periodogram peak
width,we foundP ¼ 1:5 to 1:8 ; 103 days according to the data
set considered.
We then computed orbital solutions using individual RV sets
associated with the different absorption lines listed in Table 3. For
SB2 solutions, the RVequationswere transformed in order to sym-
metrically propagate the errors on the parameters associated with
each of the components (Sana et al. 2006a). We adopted a pe-
riod value and a relative primary to secondary weight ratio (sy /sx)
that yield the lowest 2. We tested both circular and eccentric
orbits but found that the latter did not improve the quality of
the fit. Table 3 lists the orbital solutions obtained for the data
sets associated with different lines. They are all in excellent
TABLE 1
Journal of the Spectroscopic Observations
HJD
(2,450,000) He i
RV1;k  1;k
( km s1)
RV2;k  2;k
( km s1)
996.684a ......................... 0.259 96.8 261.6
997.638a ......................... 0.427 40.3 107.4
998.627a ......................... 0.601 55.1 149.3
999.634a ......................... 0.778 89.8 . . .
1000.607a ....................... 0.950 28.7 . . .
1299.827b ....................... 0.615 62.3 156.6
1300.818b ....................... 0.790 90.3 238.2
1301.825b ....................... 0.967 14.6 . . .
1302.827b ....................... 0.143 74.1 190.8
1304.822b ....................... 0.494 1.0 3.5
1327.843b ....................... 0.546 24.8 83.8
1668.865b ....................... 0.570 39.2 108.5
1669.867b ....................... 0.746 93.6 246.8
1670.858b ....................... 0.920 45.4 120.0
1671.862b ....................... 0.097 53.7 137.6
1672.851b ....................... 0.271 92.6 247.0
2037.839b ....................... 0.513 4.6 1.3
2039.826b ....................... 0.862 71.9 188.3
2040.837b ....................... 0.040 22.4 55.4
2335.830b ....................... 0.962 17.6 108.7
2336.809b ....................... 0.134 71.8 180.3
2337.786b ....................... 0.306 87.4 233.1
2338.770b ....................... 0.479 8.8 . . .
2339.781b ....................... 0.657 77.0 204.0
2381.748b ....................... 0.044 22.9 68.1
2382.714b ....................... 0.214 91.2 241.5
2383.712b ....................... 0.390 58.9 159.7
3130.693c ....................... 0.865 70.1 185.1
3131.731c ....................... 0.048 26.8 70.0
3132.765c ....................... 0.230 93.7 247.8
3133.800c ....................... 0.412 46.7 127.4
3134.675c ....................... 0.566 38.9 97.5
3135.718c ....................... 0.750 93.9 245.4
Notes.—RVs are quoted in the zero velocity reference frame. For future
conversion, we adopted the systemic velocities 1 ¼ 21:5 km s1 and 2 ¼
23:1 km s1 (see x 3.2).
a ESO CAT + CES.
b ESO 1.5 m + FEROS.
c ESO/MPG 2.2 m + FEROS.
Fig. 1.—Combined EPIC pn image in the range 0.5–10.0 keV. Adopted source and pn background (bkg) extraction regions are indicated. North is up, east to the left.
[See the electronic edition of the Journal for a color version of this figure.]
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TABLE 2
Journal of the XMM-Newton Observations
Effective Duration (ks) Count Rates (103 counts s1)
JD
(2,450,000) He i MOS1 MOS2 pn MOS1 MOS2 pn
2158.214........................... 0.700 33.1 33.2 30.6 10.1  0.7 11.4  0.7 36.0  1.4
2158.931........................... 0.826 19.8 19.8 16.5 10.7  1.0 10.4  0.9 40.2  2.1
2159.796........................... 0.978 33.7 33.9 30.1 11.0  0.7 9.8  0.7 36.7  1.5
2160.925........................... 0.177 26.0 24.3 11.7 12.0  0.9 11.3  0.9 46.0  2.6
2161.774........................... 0.326 30.9 31.0 28.4 11.9  0.8 12.5  0.8 38.6  1.5
2162.726........................... 0.494 32.9 32.8 30.3 9.8  0.7 10.6  0.7 36.0  1.4
Fig. 2.—Blue spectrum of CPD 41 7733 as obtained on HJD ¼ 2;453;135:718 ( ¼ 0:750). The identifications of the main lines have been indicated. The He i
lines display a clear SB2 signature, with the blueshifted primary and the redshifted secondary components. The identification ticks refer to the rest wavelengths.
agreement with each other. As a final step, we computed the
averaged RVs of all the primary lines and of the SB2 He i lines.
For this, we shifted the individual RVs to a common velocity
frame, taking into account the different systemic velocities de-
duced from the individual orbital solutions quoted in Table 3. The
orbital solutions obtained using either the averaged primary line
RVs only or the averaged He i SB2 RVs are given in Table 4
(respectively labeled ‘‘Primary’’ or ‘‘He i lines’’). The He i
SB2 RV curves are displayed in Figure 4. In Table 3, the quoted
period uncertainties correspond to the 1  confidence interval.4
We emphasize, however, that the uncertainty on the periodicity of
the phenomenon (which is independent of any model considera-
tion) is rather related to the peak width in the periodogram as stated
at the beginning of this section. The other uncertainties (always
quoted as one standard deviation) were computed by error prop-
agation from the least-squares fit. Finally, we adopted the appar-
ent systemic velocities of both components as theweightedmeans
of the systemic velocities in the different He i–line solutions of
Table 3:1¼21:5  0:2 kms1 and 2 ¼ 23:1 0:2 kms1.
3.3. Toward a Global Solution Including Published
and New Data
As mentioned earlier, three SB1 orbital solutions have previ-
ously been published. Based on a set of 16 observations spread over
8.1 days plus four observations from Perry et al. (1990, PHYB90
hereafter) obtained about 800 days earlier, Hill et al. (1974, HCB74
hereafter) derived the first SB1 orbital solution with a periodP ¼
5:64  0:01 days, a small eccentricity e ¼ 0:04  0:03, and an
amplitude for the primary radial velocity curve of K1 ¼ 89:0 
2:7 km s1. With two more observations and including radial
velocities from Struve (1944) and HCB74 (but not those of
PHYB90, only published much later), Levato & Morrell (1983,
LM83 hereafter) derived a new orbital solution. They found a
larger period (P ¼ 5:74973  3 ; 105 days) and eccentricity (e ¼
0:14  0:015), while the amplitude of the radial velocity curve
remained mostly unchanged (K1 ¼ 84  2 km s1). Finally, CPD
41 7733 was observed once by IUE. Including this additional
measurement, Stickland& Lloyd (2001, SL01 hereafter) published
a slightly modified orbit with P ¼ 5:749809  3:0 ; 105 days,
e ¼ 0:045  0:021, and K1 ¼ 83:9  2:1 km s1. They stated,
however, that they could not include the PHYB90 data in their fit.
Though the present data set yields orbital parameters of the same
order of magnitude as the ones obtained from previous works,
fundamental contradictions exist between the different studies. Our
final period,P ¼ 5:681504 days, is significantly different from the
previous determinations and we report a circular orbit while,
for example, LM83 quoted an eccentricity up to 0:14  0:015.
Our derived semi-amplitude of the primary RV curve K1 is sys-
tematically higher than the previously published values, with
differences up to 10 km s1 compared to LM83 and SL01. It
was thus crucial to check the previous orbital solutions using
the different RV sets adopted by these authors. Doing this, we
noted that the second measurement listed by PHYB90, at RV ¼
109 km s1, is clearly not fitted by the HCB74 solution, al-
though it was included in the adjustment. Actually its location
in the phase diagram is shifted by about 0.2 in phase compared
to the figure displayed by HCB74. This probably results from a
typographic error in the published Julian date, which explains
why SL01 could not include PHYB90 observations in their com-
bined solution.
Althoughwe have been able to reproduce the results of HCB74
and SL01 using their respective data sets, we could not repro-
duce the results proposed by LM83. Both the period value and,
Fig. 3.—He i k4922 (left) and He i k5876 (right) lines at selected phases. The
spectra were shifted along the vertical axis according to the value of their phase
(right-hand scale). The secondary spectral signature is clearly identified in all but
the blended spectra.
4 The confidence intervals on the period valuewere computed by varying the pe-
riod (all other parameters being kept constant at their best-fit value) until theminimum
2 value of the fit is increased by a value2. The latter value was chosen to corre-
spond to the 68.27% confidence level and depends on the number of degrees of free-
dom of the fit.
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more particularly, the eccentricity derived from their data differ
significantly. In all our computations, whatever the data set used,
themaximumeccentricity thatwe foundwas e ¼ 0:07,with a null
eccentricity well within a 2  interval. We thus definitively rule
out the large eccentricity quoted by LM83. Furthermore, both
the LM83 and SL01 data sets actually carried a strong ambiguity
on the period, with more than 10 strong aliases between 5.6 and
5.8 days. Clearly, their period determination was far less con-
strained than what their error bars suggested.
Finally, we combined all the available primary RV measure-
ments (except the PHYB90 point at RV ¼ 109 km s1) to de-
rive a combined orbital solution. For theRVs from the presentwork,
we used the averaged RVs reported in Table 1 to which we added
the adopted primary systemic velocity 1 ¼ 21:5 km s1. A pe-
riod search using both the Lafler & Kinman and the Fourier anal-
ysis techniques (see x 3.2) yield values close to 5.6815 days with
an uncertainty of P ¼ 2:4 ; 104 days. Again, no significant im-
provement of the quality of the fit is obtained assuming an eccentric
orbit. Figure 5 shows the values of the fit rms for periods ranging
from 5.6 to 5.8 days. Clearly, the present analysis allows us to
solve the ambiguity about the period that plagued earlier inves-
tigations. The best-fit orbital parameters are listed in Table 4
( labeled ‘‘Literature-based Fit’’) and the RV curve is displayed
in Figure 6. The corresponding heliocentric systemic velocity is
21:7  0:1 km s1.
4. CPD 41 7733 PHYSICAL PARAMETERS
4.1. Spectral Types and Luminosity Classes
4.1.1. Primary Component
The spectral signature of the primary component is easily dis-
cernible in the spectrum of CPD 41 7733. Adopting the clas-
sification criteria fromConti (1973b) as adapted to late O stars by
Mathys (1988), we obtained a mean logW 0 Wk4471 /Wk4542ð Þ ¼
0:22  0:05, which corresponds to a spectral typeO8.5,with spec-
tral type O8 within 1 . To determine the luminosity class, we
adopted the criterion from Conti & Alschuler (1971). We ob-
tain logW 00 Wk4089 /Wk4144ð Þ ¼ 0:27  0:04, which leads to a gi-
ant luminosity class. We also measured logW 000 ¼ log (Wk4388)þ
log (Wk4686) ¼ 5:23  0:04. According to Mathys (1988), this
rules out a supergiant class and points toward a giant classification,
unless the ratio l1 ¼ L1 /Ltot < 0:67. The optical brightness of both
components will be discussed in x 4.2.
4.1.2. Secondary Component
The main spectral signatures of the secondary star in CPD
41 7733 are the Balmer and He i lines. The absence of the He ii
lines, as well as of the O iii k5592 line, at the positions predicted
by the orbital solution definitively excludes anO spectral type and,
at our detection threshold, most probably indicates a spectral sub-
type later than B0.7 (Walborn & Fitzpatrick 1990). To refine our
TABLE 3
Orbital Solutions Deduced from Different RV Data Sets (i.e., Associated with Different Lines)
Lines
P
(days) sy /sx
T ic
a
(HJD2,450,000)
K1
(km s1)
K2
(km s1)
1
(km s1)
2
(km s1)
rms
(km s1)
He i k4471 ............. 5.68151 4.7 3199.634  0.004 94.2  0.5 245.5  1.2 22.6  0.4 23.0  0.5 2.0
He i k4922 ............. 5.68149 4.2 3199.627  0.006 94.5  0.8 245.7  2.0 20.7  0.7 22.1  0.9 3.2
He i k5016 ............. 5.68153 3.7 3199.640  0.003 93.3  0.4 247.9  1.0 22.5  0.3 26.4  0.3 1.9
He i k5048 ............. 5.68150 2.1 3199.639  0.004 92.4  0.7 249.7  1.7 22.4  0.6 25.4  0.7 3.2
He i k5876 ............. 5.68148 3.6 3199.630  0.002 93.2  0.3 246.7  0.7 20.5  0.3 20.8  0.3 1.3
He i k7065 ............. 5.68147 3.4 3199.641  0.003 94.6  0.4 242.4  1.0 19.6  0.5 20.9  0.4 1.8
He ii k4686 ............ 5.68154 . . . 3199.640  0.002 94.6  0.5 . . . 16.5  0.2 . . . 1.5
O iii k5592 ............. 5.68150 . . . 3199.630  0.002 94.7  0.3 . . . 24.4  0.2 . . . 1.1
C iii k5696 ............. 5.68155 . . . 3199.643  0.002 93.8  0.8 . . . 34.3  0.2 . . . 3.1
a Tic is the time of inferior conjunction, the primary being in front of the secondary.
TABLE 4
Orbital and Physical Parameters of CPD 41 7733
Parameter Primary He i Lines Literature-based Fit
P (days).................................. 5.681514  3.91 ; 104 5.681504  3.18 ; 104 5.681534  4.7 ; 105
sy /sx ........................................ . . . 3.3 . . .
M1/M2 ..................................... . . . 2.640  0.012 . . .
Tic (HJD  2,450,000).......... 3199.632  0.002 3199.635  0.003 3199.640  0.002
K1 (km s
1) ........................... 93.6  0.3 93.7  0.3 91.9  0.2
K2 (km s
1) ........................... . . . 247.4  0.9 . . .
v0, 1 ( km s
1) ......................... 0.3  0.3 0.0  0.2 0.0  0.1
v0, 2 ( km s
1) ......................... . . . 0.3  0.3 . . .
a1sini (R).............................. 10.51  0.06 10.52  0.06 10.31 0.05
a2sini (R).............................. . . . 27.76  0.10 . . .
M1 sin
3i (M) ......................... . . . 16.94  0.15 . . .
M2 sin
3i (M) ......................... . . . 6.42  0.05 . . .
fmass(M)................................. 0.483  0.004 . . . 0.457  0.003
rms (km s1).......................... 1.5 1.9 5.7
Note.—Note that the present fits are done in the zero velocity frame. Hence the systemic velocities in this frame (noted v0, i )
are expected to be zero (see x 3.2 and x 3.3 for values in the heliocentric frame).
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classification, we searched for the presence of secondarymetallic
lines. This led us to consider low intensity lines, with equivalent
widths (relative to the composite spectrum continuum) down
to 0.01 8. We therefore focused on the six FEROS spectra ob-
tained at theESOMPG2.2m telescope, which exhibit S/Ns above
200.Mean primary and secondary equivalent widthsmeasured on
these spectra are reported in Table 5. Some of the secondary lines
are clearly deblended from neighboring lines, and thus securely
measured, in only one or two of these six spectra. These aremarked
with a colon (:) and should be considered as a rough indication of
the line strength only.
The absence of He ii k4686, C iii k4650, N iii k4097, and Si iv
kk4089, 4116 lines in the secondary spectrum, combined with the
presence of a comparatively strong C ii k4267 line, point toward a
spectral type later thanB2,while the lack of Fe ii lines corresponds
to a spectral type earlier than B5. The usual luminosity crite-
rion in this spectral range is Si iii k4552/He i k4388. From our
measurements, we obtained a ratio of about 1 to 10; this result
definitively excludes a supergiant luminosity class, which is in
Fig. 4.—CPD 41 7733 RV curves corresponding to the circular He i solu-
tion of Table 4. The RV measurements listed in Table 1 are also displayed. Filled
and open symbols correspond to the primary and secondary components respec-
tively. The squares give the CES data while the circles indicate the FEROS
measurements.
Fig. 5.—Rootmean square (rms.) residuals of the best circular orbital solutions as
a function of the adopted period. The adjustments were performed using the different
RV sets presented in Fig. 6, excluding the point of PHYB90 at RV ¼ 109 km s1.
Fig. 6.—Combined RV curve computed using literature data together with
the measurements of Table 1. Different symbols refer to different data sets. Open
symbols are for previous observations: Struve (1944), asterisk; PHYB90, upward-
pointing triangles; HCB74, downward-pointing triangles; LM83, diamonds; SL01,
squares. Filled symbols indicate new RV points from this work: CES, squares;
FEROS, circles. Note that the PHYB90 point at RV ¼ 109 km s1, near  0:5,
was excluded for the period search and orbital solution determination.
TABLE 5
Average Equivalent Widths (Wk) of Selected
CPD 41 7733 Spectral Lines
Line
Wk, 1
(m8)
Wk, 2
(m8)
He i k4121 ................................... 161: 21:
He i k4144 ................................... 188  15 61  12
He i k4388 ................................... 273  21 83  25
He i k4471 ................................... 635  35 100:
He i k5016 ................................... 255  5 20  4
He i k5876 ................................... 945  11 58  2
He ii k4542 .................................. 382  28 . . .
He ii k4686 .................................. 590  20 . . .
C ii k4267 .................................... 39  3 11  2
C iii k5696 ................................... 104  8 . . .
N ii k4630 .................................... 105  5 7:
O ii k4070 .................................... blend 9:
O iii k5592 ................................... 251  7 . . .
Si iii k4553................................... 71  4 7  2:
Si iii k4575................................... 29  5: 7:
Si iv k4089................................... 354  16 . . .
Mg ii k4481 ................................. 95  9 20  3
Note.—The Wk are referred to the total flux of the binary system.
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agreement with the low intensity of the secondary O ii spectrum.
Similarly, this ratio seems to indicate a main-sequence luminosity
class rather than a giant class.
4.2. Optical Brightness Ratio
We estimated the optical brightness ratio based on the dilution
of the primary lines. We compared their mean Wk with typical
(averaged)Wk of O8.5 III stars (Conti & Alschuler 1971; Conti
1973a; Mathys 1988, 1989). Based on the He i kk4026, 4388,
4471 andHe ii kk4542, 4686 lines, we obtained an averaged bright-
ness ratio corresponding to l1 ¼ 0:87  0:10.We then compared
the secondary intrinsic Wk with typical Wk for B stars (Didelon
1982), using a dilution factor l2 ¼ 0:13. The intensity of the de-
tected lines in the secondary spectra is in rough agreement with a
B3 III–V classification but suggests a slightly larger luminosity
ratio in favor of the primary component. Adopting l1 ¼ 0:87 
0:10 yields logW 000prim  5:29  0:06, which corresponds to a gi-
ant luminosity class for the primary, althoughwe note that the He ii
k4686 line is stronger than in typical O8.5 giants. Should we as-
sume that the primary is amain-sequence star, the comparison of the
observed Wk with typical Wk for O8.5 V stars yields l1 ¼ 0:74 
0:08. This yields logW 000prim  5:36  0:06, in contradiction with
the V luminosity class hypothesis. Clearly, the spectroscopic clas-
sification criteria points toward the primary being a giant.
4.3. Luminosities and Stellar Radii
Typical absolute visual magnitudes for O8.5 stars are MV ¼
5:2 and MV ¼ 4:5/ 4:4 for class III and V, respectively
(Humphreys&McElroy 1984; Howarth & Prinja 1989). The ab-
solute visual magnitudes of B3 stars areMV ¼ 3:0 and1.6 for
giants andmain-sequence stars, respectively (Schmidt-Kaler 1982;
Humphreys &McElroy 1984). To compute the visual magnitudes
of theCPD41 7733 components,we adopted the cluster distance
modulus DM ¼ 11:07  0:04 as obtained from the average of the
different photometric results since the 1990s (Sana et al. 2006b)
and we used V ¼ 7:875, R ¼ 3:3, and (B V ) ¼ 0:158 from
Sung et al. (1998). Using l1 ¼ 0:87  0:10 as derived in the pre-
vious paragraph in the case of a giant primary and assuming that
the secondary is also a giant, we obtained MV ¼ 4:67  0:15
for the total magnitude of the system, andMV ; 1 ¼ 4:52  0:20
andMV ; 2 ¼ 2:46  1:12 for the primary and secondary, respec-
tively. Under these hypotheses, the primary is clearly fainter than
typical O8.5 giants. Adopting the effective temperature calibration
and the bolometric correction of Humphreys & McElroy (1984),
we constrained the radii to values of R1 ¼ 8:8  1:0 and R2 ¼
6:3  3:9 R. Again, the stars are too small compared to typical
giants (RO8:5 III  13 and RB3 III  9 R).
Therefore, if we assume that the CPD 41 7733 components
are indeed main-sequence objects, the same reasoning with l1 ¼
0:74 0:08 yieldsMV ¼4:64  0:13,MV ; 1 ¼ 4:31  0:17,
and MV ; 2 ¼ 3:18  0:37; log Lbol1 /L
  ¼ 4:98  0:08 and
log Lbol2 /L
  ¼ 3:89  0:17; and therefore R1 ¼ 8:4  1:0 and
R2 ¼ 8:4  1:9 R. Corresponding typical radii are, in this case,
of 9.0 and 4.2 R for O8.5 and B3 main-sequence stars. We now
observe a better agreement for the primary, but the secondary pa-
rameters are at odds with those of typical B3 dwarfs.
The best agreement between the deduced and typical param-
eters is obtained assuming that CPD 41 7733 harbors an O8.5
Vand a B3 III component. In the latter case, we derivedMV ; 1 ¼
4:31  0:17,MV ; 2 ¼ 3:18  0:37, R1 ¼ 8:4  1:0 R, and
R2 ¼ 8:7  1:7 R. This option is, however, rather unlikely. We
finally note that a larger value for l1 would significantly decrease
the obtained secondary radius without affecting much R1. Such a
ratio largely in favor of the primary (l1 > 0:9) is indeed suggested
by the typical O8.5 and B3 luminosities.
In summary, although the spectral criteria rather indicate a gi-
ant luminosity class for the primary, the estimated values for its
magnitude and radius are more consistent with the primary being
a main-sequence star. This situation is reminiscent of the case of
CPD417742, an eclipsing SB2 binary in NGC 6231 for which
the spectroscopic criteria clearly indicated a giant class. In Sana
et al. (2003)we inferred, from the system luminosity,much smaller
radii than expected for giant stars. This was confirmed by the
analysis of the system light curve (Sana et al. 2005) and the re-
sulting parameters are in good agreement with the typical values
expected for dwarfs of the corresponding spectral types. The lo-
cations of the CPD 41 7733 components in the H-R diagram
(Fig. 7) indicate a primary evolutionary age of 3–4Myr, in good
agreement with previous age estimates for the cluster. This sug-
gests that the primary is only just leaving the main sequence and
could explain why the star displays properties somewhat inter-
mediate between those of a dwarf and a giant. In this respect, the
estimate of the brightness ratio based on the dilution of the pri-
mary lines might have been biased. It is thus probable that both
components display stellar radii typical of main-sequence objects.
4.4. Masses and Orbital Inclination
Typical masses for O8.5 V (III ) stars are about 19 (24) M
(Martins et al. 2005). Comparing this with the minimal values
obtained in Table 4 indicates that the orbital inclination of the
system is probably around 74 (63). This corresponds to a sec-
ondarymass around 7–9M, which is slightly lower than typical
values of B3 III stars (see, e.g., Schmidt-Kaler 1982), but is con-
sistent with B3main-sequence stars. Adopting the different values
for the radii derived in the previous section, we found that CPD
Fig. 7.—Location of the CPD 41 7733 primary ( filled symbols) and sec-
ondary (open symbols) components in the H-R diagram. The triangles ( squares)
indicate an adopted giant (main-sequence) luminosity class. The evolutionary
tracks from Schaller et al. (1992) are shown (solid lines), as well as the isochrones
(dotted lines) computed for ages ranging from 2 to 10 Myr with a step of 2 Myr.
The boxes present the ranges of parameter values obtained assuming different lu-
minosity classes for the components.
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41 7733 should not display eclipses unless i  65 70. Clearly
this is a limiting case. Referring to a paper in preparation by Perry
et al., HCB74 announced that the star was displaying magnitude
variations larger than 0.15 mag. This result was however not con-
firmed once the mentioned paper finally appeared as PHYB90.
From our photometric campaign of the cluster (Sana et al. 2005),
the rms of the data set associated to CPD 41 7733 is about
0.012 mag, slightly larger than the expected noise. The peak-to-
peak variations over the 1 month time span of our campaign is
0.05 mag at maximum. A power spectral analysis indicates a
slightly dominant peak at   0:084 day1 in both filters, thus
tentatively suggesting a period close to 12 days, although this
cannot be the signature of eclipses.
As a last point, we estimated the projected rotational velocity
v sin i of the primary star by comparing the full widths at half
maximumof several lineswith those given bymodel spectra com-
putedwith an effective temperature and a gravity value correspond-
ing to the above estimates for the primary component.5 Based on
the lines quoted in Table 3 (with the exception of He i kk4471 and
7065), we derived v sin i  83  8 km s1. Given a probable in-
clination of 65–75, this value is slightly larger, still compatible
within the error bars, with a synchronous rotation rate (correspond-
ing, for R1 ¼ 8:4 8:8 R, to v  75 78 km s1). No significant
difference was found assuming either a dwarf or a giant luminos-
ity class for the primary.
5. X-RAY ANALYSIS
We first extracted broad band X-ray light curves of CPD 41
7733 using the average count rates during each observation. The
different energy bands considered are the total band (0.5–10.0 keV),
a soft (SX) band (0.5–1.0 keV), an intermediate (MX) band (1.0–
2.5 keV), and a hard (HX) band (2.5–10.0 keV). We found no
consistent variations between the three instruments. A 2 test per-
formed using the count rates in the different energy bands did not
allow us to reject the null hypothesis of a constant count rate dur-
ing all six pointings, except for the pn instrument that displays a
deviating point in theMX band at   0:18. Using the individual
event lists obtained during each of the six pointings, we also
searched for short-term variability. We performed a time series
analysis similar to the one carried out for HD 152248, the central
target of the field (Sana et al. 2004).Again, no significant variation
could be consistently detected for any of the three instruments.
This strongly suggests that, at our detection threshold, the X-ray
emission from CPD 41 7733 is mostly constant.
To constrain the physical properties of the emitting plasma, we
adjusted a series of optically thin thermal plasma mekal models
(Mewe et al. 1985; Kaastra 1992) to the spectra obtained during
each XMM-Newton observation. The EPIC MOS and EPIC pn
spectra were adjusted simultaneously using XSPEC v.11.2.0
(Arnaud 1996). We adopted an equivalent interstellar column of
neutral hydrogen of NH; ISM ¼ 0:26 ; 1022 cm2, corresponding
to E(B V ) ¼ 0:447, as obtained from Sung et al. (1998). A
single-temperature model was insufficient to adequately describe
the observed spectra.We thus adopted two-temperature (2T) mod-
els allowing for possible local absorption for both mekal compo-
nents. The absorption column associatedwith the lower temperature
component tends to be systematically close to zero. Lower re-
siduals and more stable solutions are obtained by fixing this col-
umn to zero. This situation is reminiscent of what was observed
for HD 152248 (Sana et al. 2004) and CPD 41 7742 (Sana
et al. 2005), two other early-type binaries in the core of the NGC
6231 cluster. Therefore, the actually fitted model is [wabsISM 
(mekal1 + wabs2  mekal2)], in which the term wabsISM was
fixed to the interstellar value (NH; ISM¼ 0:26 ; 1022 cm2). Table 6
provides the best-fit parameters (NH, the absorbing column; kT,
the plasma component temperature; norm, the normalization fac-
tor) and the limits of the 90% confidence intervals. Correspond-
ing X-ray fluxes in the total energy band ( fX) as well as in the soft
( fX; S), intermediate ( fX;M), and hard ( fX; H) bands are also pro-
vided. Finally, for each of the EPIC instruments, we extracted the
combined spectrum from the merging of the six X-ray observa-
tions. We also used a 2T mekalmodel to fit the obtained spectra
and the best parameters are given in the last line of Table 6. The
spectra and the best fit model are presented in Figure 8. The ISM
absorption corrected fluxes ( f unX ) computed in the different energy
bands considered here as well as the observed X-ray luminosity in
the total 0.5–10.0 keV band are given in Table 7.
It is clear from Figure 8 that an additional, higher energy com-
ponent is present in the spectrum of CPD41 7733. Adjusting a
three-temperature (3T) mekal model reveals that the third com-
ponent has a best-fit temperature close to 2.4 keV. We also ad-
justed a 2T mekal + power law (PL) model. To avoid the fitting
procedure of the PL component to be biased by small discrepancies
at lower energy, we first adjusted the 2T model in the 0.5–4.0 keV
range. We then held these parameters fixed to their best fit values
while extending the energy domain up to 10.0 keV. Again, both the
3Tand the 2T+PL models fit the observed spectra adequately. The
best-fit photon index of the PL component is about   2:9, but
it is very poorly constrained. A PL component with  ¼ 1:5 fits
the spectra almost equivalently well. In NGC 6231, such a higher
TABLE 6
EPIC Spectra Best-Fit Parameters and Observed X-Ray Fluxes
He i
kT1
(keV)
norm1
(105 cm5)
NH, 2
a
(1022 cm2)
kT2
(keV)
norm2
(105 cm5)
2
(dof )
fX
(1014 ergs
cm2 s1)
fX, S
(1014 ergs
cm2 s1)
fX, M
(1014 ergs
cm2 s1)
fX, H
(1014 ergs
cm2 s1)
0.700...................... 0:26þ0:280:23 10:2
þ11:6
8:8 0:54
þ0:81
0:36 0:73
þ0:86
0:61 5:8
þ7:5
4:2 1.06 (87) 7.3 4.6 2.4 0.2
0.826...................... 0:19þ0:270:14 12:4
þ21:4
8:4 0:26
þ0:71
0:01 0:50
þ0:66
0:37 9:5
þ19:8
5:8 0.82 (56) 8.0 5.3 2.7 0.1
0.978...................... 0:28þ0:300:25 9:6
þ11:0
8:5 0:58
þ0:96
0:34 0:74
þ0:83
0:63 5:6
þ8:4
3:6 0.80 (94) 7.5 4.8 2.5 0.2
0.177...................... 0:25þ0:300:21 10:8
þ12:5
8:3 0:80
þ1:17
0:52 0:67
þ2:58
0:50 12:3
þ23:8
3:1 1.23 (54) 8.2 4.7 3.2 0.3
0.326...................... 0:26þ0:310:19 10:4
þ11:9
8:9 0:47
þ0:91
0:16 0:63
þ1:12
0:52 7:1
þ10:4
2:2 1.14 (89) 7.9 5.0 2.7 0.2
0.494...................... 0:28þ0:310:24 8:6
þ9:9
7:3 0:41
þ0:74
0:21 0:71
þ0:87
0:62 4:8
þ6:8
3:1 1.25 (87) 7.0 4.5 2.4 0.2
Merged .................. 0:28þ0:290:26 9:9
þ10:5
9:3 0:54
þ0:67
0:42 0:80
þ1:01
0:74 5:1
þ6:0
4:2 1.37 (315) 7.7 4.8 2.6 0.2
a As indicated by its subscript, the local equivalent hydrogen column NH; 2 only applies to the second temperature component kT2 of the model.
5 The model spectra were computed, for a grid of v sin i ranging from 50 to
300 km s1 with a step of 10 km s1, using the TLUSTYand SYNSPEC codes
(Lanz&Hubeny 2003) that use line blanketed, NLTE, plane-parallel, hydrostatic
atmospheres.
THE O-TYPE BINARY CPD 41 7733 1589No. 2, 2007
energy component (with a typical temperature of a fewkeV) is seen
in four objects (HD 152248, HD 326329, HD 152314, and CPD
41 7733), which corresponds to about 1/4 of the O-type stars in
the cluster (Sana et al. 2006c). Three of them are binaries but only
one, HD 152248, displays a wind-wind collision. The X-ray emis-
sion from other systems similar to CPD 41 7733 (such as HD
152219) does not display such an additional higher energy com-
ponent. Differences between the systems with andwithout such a
component remain unclear.
Finally, we used the constraints on the physical parameters de-
duced in the previous sections to get more insight into the winds
of the CPD41 7733 components. We assumed an orbital incli-
nation of 70. Mass-loss rates and terminal velocities were es-
timated followingVink et al. (2001). As expected, the primarywind
is overwhelmingly dominant and no ram pressure equilibrium is
possible on the system axis. This suggests that the primary wind
will crash into the secondary star surface. However, using the
formalism of Usov (1992), one estimates that the amount of
X-ray emission that could be produced by such an interaction is
about 1029 ergs s1, thus 2 orders of magnitude smaller than the
intrinsic contribution of the two stellar components. As the CPD
41 7733 orbit is circular, we further do not expect to observe an
intrinsic modulation of the emitted flux resulting from a variation
of the shock strength, which is thus in agreement with our obser-
vations. The X-ray emission of CPD 41 7733 is thus very rep-
resentative of the X-ray emission of normal O-type stars and,
indeed, it is very well fitted by the newly obtained canonical
relation log LX/Lbolð Þ ¼ 6:91  0:15, derived for the O-type
stars in NGC 6231 (Sana et al. 2006c).
6. CONCLUSIONS
We present the results of a high-resolution spectroscopic cam-
paign on the O-type binary CPD 41 7733. We report the first
detection of the secondary spectral signature andwe derive the very
first SB2 orbital solution for the system. The orbital period is close
to 5.681 days, and the orbit is most probably circular. The new
orbital elements are significantly different from those obtained in
previous works. Using the same data sets as previous authors, we
find that their period values were poorly constrained because of a
strong aliasing that resulted from the spread of a small number of
observations over a large time span. We also combined all the
Fig. 8.—Merged EPIC MOS1, MOS2, and pn spectra of CPD 41 7733
simultaneously fitted with 2T (top) and 3T (bottom) mekalmodels. The bottom
window of each panel shows the contributions of individual bins to the 2 of the
fit. The contributions are carried over with the sign of the deviation (in the sense
data minus model). [See the electronic edition of the Journal for a color version
of this figure.]
TABLE 7
Absorption-Corrected Fluxes and X-Ray Luminosity of CPD 41 7733
He i
f unX
(1014 ergs cm2 s1)
f unX; S
(1014 ergs cm2 s1)
f unX;M
(1014 ergs cm2 s1)
f unX; H
(1014 ergs cm2 s1)
logLX
(ergs s1)
2T models
0.700..................... 21.3 17.6 3.5 0.2 31.83
0.826..................... 25.7 21.6 3.9 0.1 31.92
0.978..................... 21.0 17.1 3.6 0.2 31.83
0.177..................... 23.0 18.3 4.4 0.3 31.87
0.326..................... 22.8 18.8 3.9 0.2 31.86
0.494..................... 19.6 16.0 3.4 0.2 31.80
Merged ................. 21.5 17.5 3.8 0.2 31.84
3T model
Merged ................. 22.4 18.0 3.8 0.6 31.86
2T + PL model
Merged ................. 22.4 18.0 3.8 0.6 31.86
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observations available from the literature in a joint orbital solu-
tion. The resulting orbital elements are in perfect agreement with
those found using our data set alone.
CPD 41 7733 most probably consists of an O8.5 star plus a
B3 companion. Although different criteria yield discrepant lumi-
nosity classifications, both stars probably display physical param-
eters close to those of typical O8.5 and B3 dwarfs. Although the
orbital inclination is rather large (around 65

–75

), our photometric
campaign on NGC 6231 did not reveal any eclipse. Finally, we
estimated the projected rotational velocity of the primary to be
around 85 km s1, slightly larger than, but still compatible within
the error bars with the synchronous rotation rate.
We also analyze the X-ray light curves and spectra of CPD
41 7733 obtained during the sixXMM-Newtonpointings toward
the cluster. We find no significant variability between the different
pointings, nor within the individual observations. The X-ray spec-
trum is well reproduced by a two-temperature thermal mekal
model with kT1  0:3 keVand kT2  0:8 keV. Themerged spec-
trum built from the combination of the six pointings shows an
additional higher energy component. The latter can be described
either by a mekal model with an energy close to 2.4 keVor by a
power-law component with a photon index close to 3, although
the latter value is very loosely constrained. No X-ray overlu-
minosity resulting from a possible wind interaction phenomenon
is observed and, indeed, none is expected at our detection level.
As a consequence, the emission of CPD41 7733 should be very
representative of typical O-type star X-ray emission.
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